Purification of poly(3-hydroxybutyrate) depolymerase (EC 3.1.1.75) from Paucimonas lemoignei is complicated because the bacterium produces several isoenzymes which are difficult to separate from each other. The phaZ5 gene of P. lemoignei encoding extracellular poly-(3-hydroxybutyrate) depolymerase A was functionally expressed from the constitutive P43 promoter of pWB980 in a multiple proteasenegative mutant of Bacillus subtilis (strain WB800) and secreted to the culture medium. The depolymerase (apparent M r , 42 kDa; 1.9 mg purified protein per liter culture) was purified from cell-free culture fluid to homogenity by applying only one chromatography step in comparison to at least two necessary steps if poly(3-hydroxybutyrate) depolymerases are purified from P. lemoignei. The recombinant depolymerase lacked any carbohydrate content in contrast to the glycosylated depolymerase of the wild-type. Glycosylation was not essential for activity but enhanced the thermal stability of the enzyme at high temperature. Overexpression of poly(3-hydroxybutyrate) depolymerase in B. subtilis is more efficient than in Escherichia coli. ß
Introduction
The ability to degrade extracellular poly(3-hydroxybutyrate) (PHB) and related polyhydroxyalkanoates (PHA) is widely distributed among bacteria and depends on the secretion of speci¢c polyester depolymerases which hydrolyze the water-insoluble polymer to water-soluble monomers or oligomers [1] . Paucimonas (formerly Pseudomonas) lemoignei [2] is unique among PHA-degrading bacteria because it is able to synthesize at least seven di¡erent extracellular PHA depolymerases (PhaZ1^PhaZ7 [3] ). Other PHB-degrading bacteria such as Alcaligenes faecalis T1 [4] synthesize only one PHB depolymerase.
Biochemical analysis of PHA depolymerases (e.g. crystallization studies) requires the availability of a high amount of puri¢ed depolymerase protein. Most PHA depolymerases can be puri¢ed by one or two chromatography steps using ion exchange chromatography and/or hydrophobic interaction chromatography. However, puri¢cation of PHA depolymerases from P. lemoignei can be di⁄cult due to the presence of at least seven isoenzymes, which have similar properties and which are therefore dif¢cult to separate from each other. Indeed, many puri¢ed PHA depolymerase fractions from P. lemoignei actually contain traces of other PHB depolymerase isoenzymes, e.g. inspection of 'puri¢ed' PHB depolymerase B (PhaZ2) in our laboratory by silver-staining of SDS^PAGE gels revealed the presence of traces of a new, yet undiscovered PHB depolymerase (PhaZ7) [3] . The contamination of PhaZ2 by PhaZ7 was responsible for some unexpected properties of the putative puri¢ed PHB depolymerase, e.g. the hydrolysis of atactic PHB and of native PHB granules [3] .
In order to avoid misinterpretation of the biochemical characteristics of P. lemoignei PHA depolymerases it is necessary to clone and express the respective structural depolymerase genes in a PHB depolymerase-free host. An easy way to obtain this goal could be the overexpression of the respective gene in Escherichia coli. However, cloning of the PHB depolymerase A gene (phaZ5) and several other depolymerase genes in E. coli resulted in only poor yields [5] . We decided to express the major PHB depolymerase isoenzyme PhaZ5 of P. lemoignei in Grampositive hosts which lack an outer membrane and should be more suited for overexpression of extracellular proteins. One of the best-studied Gram-positive bacteria, whose ability to produce high levels of recombinant extracellular proteins is already well established, is Bacillus subtilis [6] . Moreover, several mutant strains of B. subtilis with multiple knock-outs of protease genes are available [7] . Extracellular protease-negative strains are necessary for e⁄cient production of recombinant depolymerase protein in order to avoid a (partial) degradation of the expressed recombinant protein by host proteases. In this contribution we describe the cloning, heterologous expression in B. subtilis, puri¢cation and some properties of puri¢ed PHB depolymerase PhaZ5.
Materials and methods
2.1. Bacterial strains, plasmids and growth conditions B. subtilis WB800, an eightfold protease-negative mutant (trpC2, vnprE, vaprE, veprE, vvpr, vbpf, vmpr: :ble, vnprB: :bsr, vwprA: :hyg) and plasmid pWB980 (Km r , Ble r , sacB signal peptide, P43 promoter) were used in this study [7, 8] . Bacteria were grown on tryptose^blood-agar base (TBAB, 33 g l 31 ) agar plates or in Super-Rich medium (SR) containing 25 g Bacto tryptose, 20 g Bacto yeast extract and 3 g K 2 HPO 4 per liter (pH 7.5) at 37 ‡C.
Assay of PHB depolymerase activity
Activity of PHB depolymerase was assayed photospectroscopically at 650 nm as the decrease of optical density of suspensions of denatured PHB granules in 100 mM Tris^HCl, pH 8 containing 1 mM CaCl 2 . One unit is the amount of enzyme necessary to hydrolyze 1 Wg of PHB granules to soluble products per min. For details see [3] .
Construction of a PHB depolymerase expression vector
The plasmid pWB980 [8] harbors a polylinker downstream of a constitutive P43 promoter and the DNA sequence of a sacB signal peptide. The DNA encoding the mature PHB depolymerase A (phaZ5) was PCR-ampli¢ed using the primers fw-GGAAGCTTTTGCAGCCACC-GCCGGGCCAGGC-GCTTGG-3P and bw-ACGGATC-CTTACGGGCASGGTACCGATCAC-3P and plasmid pBluescript: :phaZ5 as a template. The resulting PCR product (1256 bp) was cleaved with HindIII and BamHI and ligated in frame of the sacB signal peptide sequence into the HindIII-and BamHI-opened vector. The resulting construct encoded a hybrid peptide consisting of the 29-amino acid SacB signal peptide including a signal peptidase cleavage site after Ala 29 and the 407-amino acid sequence of mature PHB depolymerase PhaZ5 protein beginning with Ala 30 . In order to minimize PCR-induced mutations an internal 1171-bp KpnI^EagI DNA fragment was cut out and was replaced by the corresponding KpnI^EagI fragment obtained from the parent plasmid. The DNA sequence of the resulting construct (pWB980: :phaZ5) was con¢rmed by DNA sequencing.
Puri¢cation of PHB depolymerase
Puri¢cation of extracellular PHB depolymerase isoenzymes from P. lemoignei was performed from a succinate-grown 10-l culture. The proteins of the cell-free culture £uid were puri¢ed by ultra¢ltration (30 kDa cut-o¡), ammonium sulfate precipitation and subsequent column chromatography on CM-Sepharose CL-6B and MonoP (for details see [3] ). Two chromatography steps were necessary due to the presence of isoenzymes. Puri¢cation of PHB depolymerase expressed by recombinant B. subtilis was performed from 1.3 l of a culture on SR medium (13 h, 37 ‡C). The proteins of the cell-free culture £uid were precipitated by ammonium sulfate (70%), dialyzed against 10 mM succinic acid^NaOH, pH 4.7 and separated by ion exchange chromatography on CM-Sepharose CL-6B as described elsewhere [3] . A second puri¢cation step by MonoP chromatofocusing was not necessary. Puri¢ed proteins were stored at 320 ‡C without signi¢cant loss of activity.
Immunological techniques
Polyclonal antibodies against PHB depolymerase A (PhaZ5) were obtained by immunization (two times) of mice with puri¢ed PHB depolymerase A. Serum obtained after 2 months was used without puri¢cation for Western blot analysis. Commercial preparations of anti-antibodies conjugated with peroxidase were used for visualization of the antigen. A serum sample obtained before the beginning of the immunization served as a control.
Staining for carbohydrate
Glycosylated proteins were separated by reducing SDSP AGE blotted onto a polyvinylidene di£uoride membrane and were subsequently stained for carbohydrate content using the Dig^Glycan detection kit obtained from Boehringer-Mannheim according to the manufacturer's instructions. Fetuin served as a positive control.
Results

Expression of PHB depolymerase from recombinant B. subtilis
The plasmid pWB980: :phaZ5 was constructed as de-scribed in Section 2 and transformed to B. subtilis WB800.
Resulting transformants were grown on opaque PHB-containing TBAB agar. Large clearing zones became visible within 12 h of incubation at 37 ‡C and indicated functional expression and secretion of PHB depolymerase activity. Control strains harboring only the empty vector pWB980 did not produce any clearing zone. When cellfree culture £uid (2 Wl) of a liquid culture of B. subtilis (pWB980: :phaZ5) was assayed on opaque PHB indicator plates (0.3% PHB in 100 mM Tris^HCl, 1 mM CaCl 2 and 1.5% agar), clearing zones appeared within 1 h and con¢rmed expression of phaZ5 and secretion of active PHB depolymerase activity into the culture £uid.
Puri¢cation and properties of PHB depolymerase from recombinant B. subtilis (pWB980: :phaZ5)
Cells were grown in SR medium at 37 ‡C for 13 h. PHB depolymerase was puri¢ed from the cell-free supernatant by ammonium sulfate precipitation (0^70%), dialysis and ion exchange chromatography on CM-Sepharose CL-6B (Table 1) . 2.5 mg of puri¢ed PHB depolymerase were obtained from 1.3 l of cell-free culture £uid. The protein was highly pure and homogeneous as revealed by SDS^PAGE analysis and subsequent silver staining (Fig. 1A) . The yield of puri¢ed PhaZ5 (1.9 mg l 31 culture £uid) and speci¢c activity (42U10 3 U mg 31 ) were almost fourfold or double as high as had been determined for the wild-type depolymerase earlier (V0.5 mg l 31 and 19U10 3 U mg 31 ), respectively [9] . For details of the puri¢cation procedure see Table 1 . Puri¢cation of PHB depolymerase from recombinant E. coli harboring phaZ5 on a multicopy vector such as pBluescript resulted in only poor yield ( 6 0.1 mg l 31 ) even if the periplasmic fraction of the cells was added to the cell-free culture £uid before the beginning of the puri¢cation procedure. PHB depolymerase was found both in the periplasmic fraction and in the cell-free culture £uid at low concentration (data not shown).
Interestingly, the SDS^PAGE-determined apparent molecular mass of the recombinant (B. subtilis) puri¢ed PHB depolymerase amounted to 42 kDa and corresponded well with the DNA-deduced value of 42.2 kDa but was signi¢-cantly lower than the values that had been determined for the PhaZ5 depolymerase puri¢ed from the wild-type (53 kDa). The identity of the recombinant depolymerase was con¢rmed by Western blot analysis using polyclonal antibodies raised against the wild-type PHB depolymerase PhaZ5 (Fig. 1B) . A strong and speci¢c signal appeared at 53 and 42 kDa for the wild-type (P. lemoignei) and for the recombinant (B. subtilis) depolymerase, respectively. Since PHB depolymerase PhaZ5 is glycosylated in P. lemoignei [5, 10] the di¡erence in the apparent molecular mass (53 kDa versus 42 kDa) is probably due to the absence of glycosylation in B. subtilis. A staining for carbohydrates con¢rmed the glycosylation for the P. lemoignei enzyme and the absence of glycosylation in the B. subtilis-expressed depolymerase (data not shown). Due to the high activity of the B. subtilis-expressed depolymerase glycosyl- Table 1 Puri¢cation of PHB depolymerase A (PhaZ5) from recombinant B. subtilis WB800
Step Volume (ml) ation cannot be essential for activity ; however, glycosylation might in£uence the stability of the enzyme. The thermal stability of both puri¢ed depolymerases was determined at 50 ‡C. As shown in Fig. 2 the glycosylated wild-type depolymerase was signi¢cantly more stable than the non-glycosylated depolymerase from recombinant B. subtilis con¢rming the assumption that glycosylation enhances the stability of PHB depolymerases.
Discussion
Biochemical characterization of proteins requires the availability of su⁄cient amounts of puri¢ed protein. Especially for crystallization studies highly puri¢ed protein is a prerequisite. In addition, biochemical data obtained with crude proteins are often questionable if the organism synthesizes more than one polypeptide with the same catalyzed biochemical reaction (isoenzymes). P. lemoignei, for example, is known to synthesize at least seven di¡erent extracellular PHB depolymerases [3] . One of the seven depolymerases (PhaZ7) was recently found to be speci¢c for hydrolysis of native PHB granules while the other depolymerases could hydrolyze denatured PHB. Native PHB is completely amorphous and thus di¡ers from denatured PHB which has a high crystalline fraction. PHB depolymerases can be di¡erentiated with respect to the required conformation of the polymer (native or denatured) for e⁄cient hydrolysis. Analysis of previously puri¢ed PHB depolymerase preparations revealed that they contained traces of PhaZ7. This contamination^although hardly visible even by silver-stained SDS^PAGE analysisŵ as responsible for the observed activity of the depolymerase for native (amorphous) PHB (in addition to the activity with denatured PHB). In order to avoid wrong conclusions about the substrate speci¢city of a puri¢ed depolymerase the PHB depolymerase A gene (phaZ5) was cloned and expressed in B. subtilis WB800 in this study. In strain WB800 the genes of seven extracellular proteases and one cell-wall-bound protease have been knocked out; therefore this strain is suited for the expression of extracellular proteins without partial degradation by proteases [6] . It turned out that the protein is expressed at a level at least as high as in the corresponding wildtype. The puri¢cation procedure of the expressed protein could be simpli¢ed to one instead of two chromatography steps because removal of related isoenzymes was no longer necessary. Therefore, yield and speci¢c activity of the puri¢ed enzyme were signi¢cantly higher than those obtained with the depolymerase puri¢ed from the wild-type P. lemoignei. Another di¡erence of the wild-type and B. subtilis-expressed depolymerases was the absence of carbohydrate in the B. subtilis preparation which resulted in di¡erent mobilities during SDS^PAGE. Glycosylation was not essential for activity but slightly enhanced the thermal stability of the enzyme at elevated temperature (50 ‡C). In conclusion, expression of extracellular proteins in B. subtilis as a host can be highly recommended.
